In this work, an off-shell extrapolation is proposed for the Regge-model N N amplitudes of [1]. A prescription for extrapolating these amplitudes for one nucleon off-shell in the initial state are given.
I. INTRODUCTION
In a recent paper [1] we described a fit to nucleon-nucleon scattering for Mandelstam s = 5.4 GeV 2 to s = 4000 GeV 2 using a Regge model. The immediate purpose of this model was to allow extension of calculations of deuteron electrodisintegration to higher invariant masses than was possible using the SAID helicity amplitudes as used in [2] [3] [4] . In [2] In [5] we presented a comparison of the FSI contributions to the d(e, e p) reaction using the SAID and Regge parameterizations of the FSI. Since both the SAID and Regge helicity amplitudes are fit to on-shell data, only the on-shell contribution to the FSI represented by Fig. 2(a) was included. In order to understand the uncertainty in these calculations, it is necessary to have some reasonable extrapolation of the N N scattering amplitudes off-shell.
The object of this paper is to provide a reasonable extrapolation of the Regge-model amplitudes for particle 1 off-shell. In section II we will show how this extrapolation is constructed and show the effects of an off-shell extrapolation of the N N differential cross section. In section III we will apply this off-shell extrapolation to the d(e, e p) reaction and show its cutoff dependence. Section IV will contain a summary and conclusions drawn from this work.
II. OFF-SHELL EXTRAPOLATION OF THE REGGE-MODEL NN AMPLITUDES
As described in [1] and [5] , the scattering amplitudes in the s channel are described by
Reggion exchange in the t channel. In the t-channel center-of-momentum (cm) frame the amplitudes are given by NN scattering as represented by 
where E t is the on-shell energy of the final-state particles, ±p are the momenta of the final state particles, E t is the on-shell energy for initial state particles of momentum ±p and p 0 1 is the off-shell energy of particle 1. Using energy conservation, it can be easily shown that
where
is a measure of the off-shellness of particle 1 and m is the nucleon mass. The scattering angle in the t cm frame is
For this situation the constraint on the Mandelstam variables s, t and u is given by
In 
is the inverse of the propagator with four-momentum p 1 .
The effect of this on a positive-energy spinor is where E p 1 = E t is the on shell energy of the spinor. Since this is linear in v, the five off-shell terms must vanish on shell as expected. In addition, while the helicity matrix elements needed to obtain the on-shell terms are such that λ 1 = λ 1 and λ 2 = λ 2 , or λ 1 = −λ 1 and λ 2 = −λ 2 , the off-shell terms require matrix elements where λ 1 = −λ 1 and λ 2 = λ 2 , or λ 1 = λ 1 and λ 2 = −λ 2 due to the extra factor of γ (1)0 . Therefore, it is impossible to obtain the off-shell terms from the on-shell data. Some dynamical model of the interaction is required to determine these contributions. Therefore, for this work we will take
Additional problems occur in analytic continuation of the Fermi invariants from the t cm frame where t ≥ 4m 2 and s ≤ 0 to the s cm frame where t ≤ 0 and s ≥ 4m 2 .
The scattering amplitude in the s-channel cm frame is represented by Fig. 4 where
As in the previous case E and E represent on-shell energies and p 0 1 is the off-shell energy of particle 1 in the initial state. From conservation of energy
In this frame t is given by
where θ cm is the scattering amplitude in the s cm frame. As a result, t is bounded by the functions
and
The maximum value of v is given by
These constraints are shown for s = 7 GeV 2 in Fig. 5 , where the physically accessible region is the area between the lines for t max and t min . Note that the on-shell amplitudes are given by v = 0 where t max = 0 and t min = 4m 2 − s. Now consider (4) which gives the value of the t cm scattering angle for particle 1 off-shell.
Evaluation of z at the extreme values of t in the s cm frame gives
for v = 0. However, for v = 0,
The area between the curve labeled t max and t min contains the allowed values of t in the s cm frame as a function of the off-shell parameter v for s = 7 GeV 2 . The line at v = 0 shows the range of t for on-shell scattering.
So z as described by (4) is discontinuous at v = 0. This is a problem for our Regge model parameterization of the scattering amplitudes since the Regge amplitudes are represented
where β IP G (t) ∝ e β 1 t is the residue, ξ ± (t) is a phase function and α(t) = α 0 +α 1 t is the Regge trajectory. The discontinuity in z results in very extreme discontinuous behavior in Regge amplitudes due to the factor of z α(t) . This is contrary to the reasonable expectation that the scattering amplitudes should have a smooth continuous extrapolation off-shell. Therefore, a straightforward analytic continuation of the off-shell Fermi invariants for the Regge model from the t cm frame to the s cm frame is unsatisfactory and an alternate method must be considered.
An alternate approach is to make the off-shell extrapolation after the on-shell Fermi invariants are analytically continued to the s cm frame. This requires that we choose a prescription for z off-shell that will be continuous in v. We choose
which is constrained such that
and z(t min ) = 1
for all allowed values of v.
The remainder of the details of the parameterization follow those in [1] and [5] with the exception that Eqn. (19) of [5] is replaced by
A. The off-shell cross section
One way to visualize the nature of this off-shell prescription is the calculation of the N N cross section off-shell. The helicity matrix elements of (6) are defined as
where u(p, λ) is a spinor in the helicity basis. For identical particles, only five amplitudes are independent and are given by A fictitious off-shell cm differential cross section can then be defined as
One source of v dependence in the helicity amplitude results from the matrix elements of the dirac gamma-matrices in (6) using the definitions of the on-shell energies given by (11). In [2] , where the SAID helicity amplitudes were used to describe the FSI, an off-shell prescription was proposed that effectively only contains these contributions. The off-shell cm cross sections using the SAID amplitudes for s = 5.9 GeV 2 is shown in Fig 6 for pp scattering at various values of v. Here v = 0 corresponds to the physical cross section.
Note that as the magnitude of v increases the size of the cross section also increases. It can be shown by explicit calculation of the helicity matrix elements using this prescription that the amplitudes must vary as |v| when the magnitude of v becomes large. The cross sections should then vary as v 2 . Clearly, use of this prescription in calculations of deuteron electrodisintegration will diverge unless a cutoff is introduced. In [2] , we introduced a cutoff of the form
where the cutoff mass Λ was typically taken to be 1 GeV.
For the Regge model, the amplitudes (18) depend explicitly on t through the phase factor ξ(t), the Regge trajectory α(t) and the residue factor β IP G (t) ∝ e β 1 t . From Fig. 5 it can be seen that the maximum value of t becomes increasingly negative as v moves away from the on-shell point. This means that the maximum size of the residue factor decreases exponentially away from the on-shell point. In addition, the range of t values that can contribute increases as v becomes more negative. Since the point where the maximum value of u occurs corresponds to the minimum value of t, this causes the overlap of the t and u channel contributions to decrease. We should therefore expect that the off-shell cross sections using the Regge model amplitudes should decrease exponentially as the magnitude of v increases. Figure 7 shows the off-shell pp cross section at s = 8 Gev 2 for various values of v. This figure shows that the variation of the off-shell cross section with v is consistent with the arguments made above, and decrease exponentially with increasing magnitude of v.
III. DEUTERON ELECTRODISINTEGRATION
We now consider the effects of including the off-shell contributions from Fig. 2(b) using the off-shell prescription for the Regge FSI described above. It is useful to include the cutoff (26) as a means of studying the off-shell contributions. Figure 8 shows the differential cross section for x = 1, beam energy E beam = 5 GeV, Q 2 = 3.5 GeV 2 , s = 7.0 GeV 2 and φ = 180
• . Calculations of the PWIA represented by Fig. 1(a) , the PWIA plus the on-shell contribution represented by Fig. 2(a) , and the cross section for the PWIA, on-shell and off-shell contributions of Fig. 2(b) for various values of the cutoff mass Λ. It is clear from this figure that at the chosen kinematics the off-shell effects are small. However, since this is a semi-log plot the relative size of the off-shell contributions can be better understood by considering the ratio off-shell to on-shell cross sections for various values of Λ defined by
This ratio is shown in Fig. 9 for cutoff masses of 1 to 10 GeV. This shows that the offshell contribution is quite sensitive to the cutoff mass for values below 2 GeV, but quickly saturates for larger values of the cutoff mass. Indeed the effect is effectively saturated by Λ = 10 GeV, and we will use this value of the cutoff mass to represent the maximum variation in the off-shell contributions in subsequent figures. Note that the size of the offshell effects increases with increasing missing momentum, and has maximum value for these kinematics of about 25 percent at p m = 1.0 GeV.
An example of off-shell contributions to the asymmetry A LT is shown in Fig. 10 for the same kinematics as in the previous figures. For this asymmetry the effect of including the on-shell FSI is large, but the contributions of off-shell scattering is small for these kinematics.
As in the case of the cross sections, the rapid saturation of off-shell contributions is evident. Since the off-shell prescription described here is somewhat arbitrary and incomplete, it is necessary to compare the computed cross sections to precision data to determine how large the effect should be. Unfortunately, there is a relatively small amount of data available in the kinematic regions where the Regge-model parameterization applies. The principal source of such data is from [6] . these to be compared for each of three values of p m , the cross sections are normalized by the plane-wave calculation performed at each kinematic point. This is defined by the ratio
The data and calculations for this quantity are shown in Fig. 13 for p m = 0.2 GeV, provides a satisfactory description of all of the data. contributions should be small. It would, however, be useful to use some caution in accepting this result until more data can be obtained.
IV. SUMMARY AND CONCLUSIONS
In this work we have proposed a reasonable extrapolation of the Regge-model N N scattering amplitude to the case where one of the initial nucleons is off-shell. This extrapolation is smooth and self regulating. Application of this approach to deuteron electrodistintegration show that the off-shell contributions are dependent on kinematics and are potentially large. However, comparison to the data from [6] suggest that off-shell effects may be small.
Caution should be taken in accepting this result until other data sets may become available.
